The hypercrosslinked adsorption resins, modified with trimellitic anhydride (named FJ-1), concentrated sulfuric acid (named FJ-2) and p-hydroxy mandelic acid (named FJ-3) respectively, were successfully prepared by the crosslinking and chemical modification reaction and characterized by IR and BET. The adsorption properties and adsorption mechanism of phenol onto the FJ-1, FJ-2 and FJ-3 resins were studied by isotherm adsorption and adsorption kinetics experiments and compared with NDA99 resins. The results shown that the adsorption effect of phenol on the FJ-1 resins was best and the adsorption capacity of phenol on it decreased with increasing temperature. The adsorption process was mainly reversible exothermic physical adsorption. For the FJ-1 and FJ-2 resins, the Langmuir isotherm model can fit their adsorption process well. The Freundlich isotherm model can fit the adsorption process of the FJ-3 resins better than Langmuir isotherm model. The results of ∆H and ∆G shown that the adsorption of phenol on four kinds of resins was a feasible spontaneous endothermic process. ∆S showed the increasing randomness of the solid-solution interface during the adsorption of phenol on resins. Pseudo-first-order model and pseudo-second-order model were both described the adsorption of phenol onto the FJ-1 and NDA99 resins. The particle diffusion was the main control step of entire adsorption process. 
Introduction
Phenol (C6H5OH) also known as carbolic acid, hydroxybenzene, found in coal tar by the German chemist Runge (Runge F) in 1834, is the most simple phenols. It is slightly acidic, appreciably soluble in water, but easily soluble in organic solvents at room temperature. It is an important raw material, which is widely used in the production of certain resins, petrochemical, oil refining, fungicides, preservatives, pharmaceutical and pesticide and the like [1] [2] [3] [4] . However, phenol is a toxic organic pollutant in the industrial wastewater, which are harmful to human being and animals even at low concentrations [5] [6] [7] [8] [9] . Phenol is corrosive, so it can make partial protein denaturation through skin contact and it make an effect on the water system seriously [10] [11] [12] . Therefore, phenol should be removed or decomposed effectively from wastewaters in order to protect the environments and people's lives.
With the development of science and technology, there are many methods to remove the phenol from water, such as adsorption [13] [14] , catalytic oxidation [15] [16] , membrane separation [17] , chemical coagulation [18] , solvent extraction [19] [20] , and so on, the adsorption is most commonly used and effective in industry among them currently. Various of materials have been used as adsorbents, including polymeric resins [21] , activated carbon [22] , silica gel, molecular sieves, bentonite [23] and soil [24] . Polymeric resins as adsorbents for adsorption of phenols are very popular due to their mechanical strength, good adsorption capacity and selectivity, easy desorption regeneration and so on [8] . However, they are not fully meeting the needs of people because of some shortcomings. Existing adsorption resins have been made great modification in order to improve their properties, including excellent physicochemical stability, large adsorption capacity, good selectivity, structural diversity [8] .
In this paper, the hyper-cross-linked adsorption resins, modified with trimellitic anhydride (named FJ-1), concentrated sulfuric acid (named FJ-2) and p-hydroxy mandelic acid (named FJ-3) respectively, were successfully prepared by the crosslinking and chemical modification reaction and characterized by IR and BET. The adsorption properties and adsorption mechanism of phenol onto the FJ-1, FJ-2 and FJ-3 resins were studied by isotherm adsorption and adsorption kinetics experiments and compared with NDA99 resins in order to provide a theoretical basis for the treatment of wastewater containing high concentrations of phenol.
Materials and Methodology

Reagents and Instruments
Chloromethylcated styrene-divinylbenzene copolymer (CLPs) and NDA99 were purchased from Nanjing Maike Fei Co. LTD. Trimellitic anhydride were purchased from Element Mall. P-hydroxyl mandelic acid and urea were purchased from J & K Technology Co,Ltd. Ethanol, nitrobenzene, anhydrous aluminum chloride and hydrochloric acid were analytical grade, which were purchased from Shanghai Chemical Reagent.
DF-101S collector-type thermostat heating magnetic stirrer(Zhengzhou Great Wall Branch Co, Henan, China.); Pore surface area analyzer (Micromeritics, ASAP2010,USA); High-performance liquid chromatography (ULTIMATE 3000, Thermo-Fisher, USA); Infrared spectrometer (Bruker company Vertex 80 Switzerland).
The Synthesis of Adsorption Resins
A certain amount of CLPs were dried at 333K for 12h and then fully swollen in nitrobenzene at room temperature for 8h. After that, the mixture of the CLPs and nitrobenzene were stirred while heated. A certain amount of trimellitic anhydride and anhydrous aluminum chloride were added to the reaction system when 353K and then the reaction was kept at this temperature for 8 h (see Fig. 1 ). After the desired time, the resins modified with trimellitic anhydride were filtered-off, thoroughly washed with 1% w/w HCl in ethanol, 10 % w/w sodium hydroxide solution, 5 % hydrochloric acid and water successively until neutral pH, and dried at 333 K for 12h. Trimellitic anhydride is replaced by concentrated sulfuric acid, p-hydroxy mandelic acid respectively under the same conditions in order to obtain a series of hypercrosslinked adsorption resins containing different functional group or specific surface area (named FJ-1, FJ-2 and FJ-3 respectively). 
Isotherm Experiments
Weigh 0.100g FJ-1, FJ-2, FJ-3 and NDA 99 resins respectively which were used as adsorbents in 150mL Erlenmeyer flask and then 100 mL of phenol aqueous solution were also added. The initial concentration of phenol, C0 (mg/L), was set to be 100, 200, 300, 400 and 500 mg/L in the batch adsorption experiments. At last, a set of conical flasks having a resin sample in different phenol solutions were shaken in a thermostatic oscillator at speed of 110 rpm and 288, 303, 313 and 288K*. After the adsorption equilibrium, the equilibrium concentration, Ce, was analyzed by HPLC. The equilibrium adsorption capacity, Qe, was calculated according to reference [10, 25] :
where Qe is the equilibrium adsorption capacity (mg/g), Ce is the equilibrium concentration (mg/L), C0 is the initial concentration (mg/L), V is the solution volume (L), W is resins weight (g).
Adsorption Kinetics
Weigh 0.100g FJ-1 and NDA 99 resins respectively in 150mL Erlenmeyer flask and then 100 mL of phenol aqueous solution were also added. The initial feed concentration of phenol aqueous solution C0 (mg/L), was set to be 300 mg/L. At last, a set of conical flasks having a resin sample in same phenol solutions were shaken in a thermostatic oscillator at speed of 110 rpm and 288, and 303 K. At a preset time interval, 1mL of the sample solution was taken and the residual concentration of phenol was determined by HPLC until adsorption equilibrium was reached.
Particle Diffusion Experiments
Particle diffusion equation [10] :
where K is the intra-particle diffusion rate (mg g -1 min 1/2 ), and C is a constant. The K and C were obtained by plotting Qt versus t 0.5 . Qt is the adsorption amount of time (mg/g), t is the adsorption time (min). The specific surface area and pore size distribution of adsorption resins were measured by BET (Bruaaures. S-Emmett H-Teller) method (see Table 1 ).
Results and Discussion
Characterization of Adsorption Resins
Tab. 1: Surface property of resins
The Fourier transform infrared spectroscopy (FT-IR) of adsorption resins were collected with a pellet of powdered potassium bromide and resin on a Vertex 80 infrared spectrometer. Characterization results as shown in Fig. 3 : there were a C-Cl stretching vibration of CLPs at 676.5cm 
Static Equilibrium Adsorption Isotherm
The concentration of phenol in aqueous solution was analyzed by UV analysis performed on an ULTIMATE 3000 high-performance liquid chromatography with the wavelength at 270 nm. The adsorption isotherms of phenol on FJ-1, FJ-2, FJ-3 and NDA99 resin at different temperatures are shown in Fig. 4 . As shown in Fig. 3 , FJ-1, FJ-2 FJ-3 and NDA99, the overall adsorption capacity of phenol on the FJ-1 resins were better than FJ-2 FJ-3 and NDA99 resins at the same temperature and concentration, this was mainly because that the specific surface area of the FJ-1 resins was larger than the other resins. In addition, this was related to the carboxyl functional groups connected on the FJ-1 resins. The adsorption capacity of phenol on the FJ-1, FJ-2 and NDA99 resins decreased with increasing temperature according to Fig. 3 FJ-1 FJ-2 and NDA99, which indicated that the adsorption process was mainly physical adsorption and the process is an exothermic process. When the temperature dropped from 318K to 288K*, the adsorption capacity were consistent with at 288K, which proved that the adsorption of phenol onto the FJ-1 and NDA99 resins was mainly reversible physical adsorption. For the FJ-2 resins, when the temperature dropped from 318K to 288K*, the adsorption capacity were not far from at 288K, which proved that the adsorption of phenol FJ-2 resins was also mainly reversible physical adsorption. As shown in Fig. 3 FJ-3 , the adsorption capacity of phenol on the FJ-3 resins firstly decreased and then increases with increasing temperature, which may because that the physical adsorption is weakening but the chemical adsorption became strong with increasing temperature. Classic Langmuir equation and Freundlich equation [10] were taken to fit the experiment data, the results shown in Table 2 and Table 3 .
The Langmuir equations for the equilibrium adsorption can be written as:
Where Qe is the equilibrium adsorption capacity (mg/g) with the equilibrium concentration Ce, Qm is the maximum monolayer adsorption capacity (mg/g) and KL is a Langmuir constant related to adsorption energy (L/mg). The Freundlich equations for the equilibrium adsorption can be written as: Where KF [(mg/g)(L/mg) 1/n ] and n are the characteristic constants and they are temperature dependent. The parameter n is usually greater than unity. As this value becomes larger, the adsorption isotherm becomes more non-linear as its behavior deviates further away.
As shown in Table 2 and Table 3 , the Langmuir isotherm model and Freundlich isotherm model can fit the experimental data well. For the FJ-1and FJ-2 resins, the value of the correlation coefficient (R 2 ) in the Langmuir isotherm model was a little closer to 1.0 than that in the Freundlich isotherm model, which suggested that the former was more suitable to fit the adsorption equilibrium data [10] . On the contrary, for the FJ-3 resins, the R 2 in the Freundlich isotherm model were bigger than that in the Langmuir isotherm model, which were all greater than 0.99. It is obvious that the former could describe the adsorption equilibrium data more accurately. So, for the FJ-3 resins, the adsorption process fitted the characteristics of heterogeneous surface adsorption better [10] . However, as to the NDA99 resins, the Langmuir isotherm model and Freundlich isotherm model all can fit its adsorption process well. In addition, for the FJ-1, FJ-2, FJ-3 and NDA99 resins, the parameters n in Freun-dlich isotherm model at different temperatures were all greater than 1, which indicated it was a favorable adsorption [10] . 
Tab. 2: Fitting result of the Langmuir isotherm equation
Adsorption Thermodynamics
To better illuminate the adsorption mechanism of phenol onto the FJ-1, FJ-2 FJ-3 and NDA99 resin, the adsorption thermodynamics parameters ∆H, ∆G and ∆S were evaluated. ∆H were calculated according to Van't Hoff equation [10] :
lnCe=ΔH/RT-lnK (5) where Ce is the equilibrium concentration of phenol (mol/L), T is the absolute temperature (K), ∆H is the isosteric enthalpy change of adsorption (kJ/mol), R is the ideal gas constant (8.314 Jmol
) and K is a constant. Qe were respectively set to 60 mg/g, 80 mg/g and 100 mg/g in order to calculate the Ce at different temperatures. ∆H was determined by plotting lnCe versus 1/T and could be calculated from the slope of the fitting line. Adsorption free energy can be calculated as [10] :
Where ΔG is the adsorption free energy (kJ/mol), n represents the Freundlich exponent and R is the ideal gas constant (8.314 Jmol
). The adsorptive entropy change, ∆S (Jmol
) were calculated using the GibbsHelmholtz equation [10] :
Thermodynamic parameters of phenol adsorption onto the four resins were shown in the Table 4 . The value of ∆H were all positive indicating an endothermic process. And the positive ∆H value were less than 42 kJ/mol indicated a physical process for phenol adsorption of an endothermic nature. The negative values of ∆G also indicated the feasibility of the process and suggested the adsorption of phenol on the FJ-1, FJ-2, FJ-3 and NDA99 resin were spontaneous. What's more, positive values of ∆S showed the increasing randomness of the solid-solution interface during the sorption of phenol on four kinds of resins. These positive values of ∆S might be due to some structural changes in the FJ-1, FJ-2, FJ-3 and NDA99 resin during the adsorption process [10] . 
Tab. 4: Thermodynamic parameters of phenol adsorption based on resins at different temperatures
Adsorption Kinetics
Fig . 5 shows the kinetic adsorption curves of phenol on the FJ-1 and NDA99 resins at the initial concentrations of 300 mg/L and temperatures of 288 K and 303 K. The as seen in Fig. 5 , the adsorption of phenol on two resins were very fast in the first 1 h and then slower and reached the equilibrium within 180 min [5] . In addition, the adsorption capacity of phenol on the FJ-1 resins were better than NDA99 resins at the same temperature, which was consistent with the results of static adsorption. This was related to the specific surface area of the FJ-1 resins and the carboxyl functional groups.
Pseudo-first-order and pseudo-second-order kinetic models were used respectively to fit the adsorption kinetics. The pseudo-first-order model [10] can be written as follows:
where Qt is the amount of phenol adsorbed at time t (mg/g) and Qe is the amount of phenol adsorbed at equilibrium (mg/g). K1 is the rate constant of pseudo-first-order model (min -1 ). The Qe and K1 values were calculated by plotting Qt versus t. The pseudo-second-order model [10] can be written as follows:
t/Q =1/h+t/Q where h=K Q
where K2 is the rate constant of pseudo-second-order model (gmg
). The Qe and K2 values were obtained by plotting Qt versus t.
The fitting results of phenol adsorption onto the FJ-1 and NDA99 resins were shown in the Table 5 and Table 6 . For two resins, the correlation coefficient R 2 (all greater than 0.98) in pseudo-first-order model were closer to 1.0 than that in pseudo-second-order model, which implied that the adsorption rate of phenol onto the FJ-1 and NDA99 resins were mainly controlled by the liquid film diffusion or particle diffusion or both. The particle distribution was the main control step of entire absorption process because of the ln (Qe-Qt) and t showing a good linear relationship. 
Particle Diffusion
Fig . 6 shows the particle distribution curves of phenol on the FJ-1 and NDA99 resins. As shown in Fig. 6 , the correlation coefficient R 2 of the particle diffusion equation of phenol adsorption onto two resins both were more than 0.98, which indicated that the adsorption rate of phenol onto the FJ-1 and NDA99 resins were mainly controlled by the liquid film diffusion. However, four lines were not through the origin, showing that external liquid film diffusion may make an effect on the adsorption. 
Conclusions
IR spectra of FJ-1, FJ-2 and FJ-3 resins show that three kinds of hyper-cross-linked adsorption resins were successfully prepared by the cross-linking and chemical modification reaction. At the same temperature and concentration, the adsorption capacity of phenol on the FJ-1 and FJ-3 resins were better NDA99 resins. But the adsorption capacity of phenol on the FJ-2 resins was smallest among them, maybe about sulfonic acid group and its specific surface area. The adsorption capacity of phenol on the FJ-1 resins decreases with increasing temperature and the adsorption process was mainly reversible exothermic physical adsorption. The adsorption of phenol FJ-2 resins was also mainly reversible physical adsorption. For the FJ-1 and FJ-2 resins, the Langmuir isotherm model can fit their adsorption process well. On the contrary, for the FJ-3 resins, the Freundlich isotherm model can fit its adsorption process better than Langmuir isotherm model. However, the Langmuir isotherm model and Freundlich isotherm model all can fit the adsorption process the NDA99 resins well. The results of ∆H and ∆G shown that the adsorption of phenol on four kinds of resins was a feasible spontaneous endothermic process. ∆S showed the increasing randomness of the solid-solution interface during the adsorption of phenol on resins. Pseudo-first-order model and pseudo-second-order model were both described the adsorption of phenol onto the FJ-1 and NDA99 resins. The particle distribution was the main control step of entire absorption process.
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